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In this issue of Neuron, Tani et al. (2014) revisit a disputed issue where biochemical and physiological data
have provided conflicting results. Using a novel stimulation protocol, the authors isolate the contribution
of the glutamate-glutamine cycle to excitatory synaptic transmission.The classic role of astrocytes within the
nervous system is one of housekeeper,
maintaining the necessary supplies that
enable neurons, the stars of the show,
to mediate information processing.
This neurocentric view has dramatically
changed over the last 20 years with evi-
dence that astrocytes directly participate
in synaptic transmission by sensing and
responding to a myriad of activity-depen-
dent regimes (Perea et al., 2009). As the
excitement of active participation of
astrocytes in the ‘‘tripartite synapse’’ has
increased, the perceived importance of
astrocytes in conventional housekeeping
functions has dwindled. In fact, there is
direct evidence against one major house-
keeping function, that of providing suffi-
cient levels of glutamate for neurons to
maintain excitatory synaptic transmission
(Masson et al., 2006; Kam and Nicoll,
2007). The conclusions from these elec-
trophysiological studies question the
functional significance of canonical
biochemical pathways that indicate astro-
cytes provide glutamate for neurons via
the glutamate-glutamine cycle (Figure 1;
Hertz, 1979; Kandel et al., 2000).
Following vesicular release, glutamate
rapidly diffuses away from active zones
and is subsequently bound for uptake
by excitatory amino acid transporters
(EAATs; Tzingounis and Wadiche, 2007).
Astrocytic membranes near synapses
are enriched with EAATs that take up the
majority of synaptically released gluta-
mate. To avoid potential excitotoxic
effects of returning glutamate to the extra-
cellular space, the glutamate-glutamine
cycle posits that the high glutamine
synthetase (GS) activity in astrocytes
readily converts glutamate to glutamine.
Glutamine is then shuttled to the extracel-
lular milieu by system N transporters and
into neurons by system A transporters.The cycle is completed when neuronal
phosphate-activated glutaminase (PAG)
hydrolyses glutamine back to glutamate
that can be used to refill synaptic vesi-
cles (Figure 1). The metabolic compart-
mentation suggests that a majority of
synaptically released glutamate origi-
nates from astrocytic-derived glutamine
(Laake et al., 1995); however, pharmaco-
logical and genetic inhibition of key cycle
components failed to suppress glutama-
tergic synaptic transmission (Masson
et al., 2006; Kam and Nicoll, 2007).
Although Kam and Nicoll (2007) demon-
strated that exogenous glutamine appli-
cation can augment releasable glutamate,
the persistence of glutamatergic trans-
mission in the absence of glutamine,
glutaminase, and even astrocytes called
into question the necessity of the gluta-
mate-glutamine cycle for neurotransmis-
sion (Masson et al., 2006; Kam and Nicoll,
2007).
Now Tani et al. (2014) revisit the role of
astrocytic glutamine production in the
maintenance of excitatory synaptic trans-
mission, using pharmacology and a clever
paradigm to dissect the contribution of
neurotransmitter versus vesicle avail-
ability. Similar to prior findings, the authors
show that low-frequency excitatory trans-
mission at Schaffer collateral-CA1 syn-
apses in hippocampal slices is unaffected
by inhibition of astrocytic glutamine syn-
thetase with the irreversible inhibitor
MSO. However, prolonged stimulation at
2 or 20 Hz after MSO treatment reduces
fEPSPs in a manner that is rescued with
exogenous glutamine application. Impor-
tantly, pretreatment of slices with MSO
avoided its known nonspecific acute
effects (Kam and Nicoll, 2007). Glutamine
application rescued a component of the
fEPSP depression after 1,000 stimuli,
suggesting the existence of a reservoir ofNeuron 81,transmitter that is depleted only following
robust activity. To isolate this latent
component of transmission, Tani et al.
(2014) devised a stimulation protocol that
interleaves a burst of high-frequency
stimulation (HFS; 50 s of 20 Hz = 1,000
pulses) with a recovery period of low-fre-
quency stimulation (LFS; 200 s at 0.2 Hz
stimulation). This protocol identifies a
reduction of glutamate availability during
LFS that is independent of vesicle avail-
ability that can occur during HFS. This
pattern of stimulation may also have
physiological relevance since bursts of
20–30 Hz spike trains that last for over a
minute have been recorded in mouse
hippocampus during exploration (Berke
et al., 2008). Indeed, this intermittent
pattern of HFS (iHFS) generates a
progressive and persistent decrement in
fEPSPs during the LFS periods between
each successive HFS that is completely
rescued by exogenous glutamine. The
acute reduction of fEPSPs within each
burst of HFS, however, is insensitive to
glutamine and therefore reflects other
presynaptic mechanisms.
Tani et al. (2014) perform several control
experiments to assure that the glutamine-
sensitive loss of fEPSPs revealed during
iHFS results from reduced glutamate
release rather than other potential mecha-
nisms. They show that the reduction in
fEPSPs persists without changes to the
fiber volley amplitude; thus, the loss of
transmission does not result from fewer
stimulated axons. This is an important
issue because small changes to the fiber
volley can dramatically alter the postsyn-
aptic response. They also use a two-
pathway experiment to show that the
depression of fEPSPs is synapse specific.
That is, monitoring transmission in a
second pathway with LFS revealed that
decreased transmission was limited toFebruary 19, 2014 ª2014 Elsevier Inc. 715
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Figure 1. The Canonical Glutamate-Glutamine Cycle
Following synaptic vesicle fusion from presynaptic boutons and receptor
activation at postsynaptic membranes, glutamate (orange circles) is taken
up by excitatory amino acid transporters (EAATs; green) located on astro-
cytes. Glutamine synthetase (GS) rapidly converts glutamate to glutamine
(open circles) that is then exported by system N transporters (syst N; yellow).
System A transporters (syst A; blue) localized to neurons take up gluta-
mine that is converted back to glutamate by phosphate-activated gluta-
minase (PAG).
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and did not result from a gen-
eral reduction in efficacy
throughout the slice. As an
alternative approach, Tani
et al. (2014) use a fluorescent
biosensor to image decreased
extracellular glutamate with
iHFS as well as its rescue by
glutamine application. Finally,
the crucial role of glutamine
production to maintenance
of transmission was further
confirmed by the total ab-
sence of synaptic recovery in
MSO-treated slices, whereas
exogenous glutamine trig-
gered rapid recovery of trans-
mission even during subse-
quent HFS. Together, these
data argue that extracellular
glutamine and astrocytic GS
are necessary to support gluta-
matergic transmission during
periods of increased neuro-
transmitter release.To further validate the potential role of
the glutamate-glutamine cycle in main-
taining synaptic transmission during
physiologically relevant patterns of neural
activity, Tani et al. (2014) tested naturally
occurring low- and high-frequency pat-
terns of CA3 pyramidal cell spiking
acquired from freely moving rats. The
high-frequency natural pattern caused
depression of fEPSPs dependent on
glutamine, mimicking the results from
continuous HFS or iHFS, whereas the nat-
ural low-frequency pattern did not alter
fEPSPs. Since the patterns used in the
slice experiments were from rodents
running in a familiar environment and
were delivered for shorter durations than
might occur with novel cues (Berke
et al., 2008), Tani et al. (2014) suggest
that the results likely underestimate
the contribution of glutamine-dependent
excitatory transmission in vivo.
Together, the findings of Tani et al.
(2014) point to a critical role of astrocytes
in maintaining synaptic glutamate release
during periods of robust neuronal activity,
an idea that is consistent with several
prior studies (Bacci et al., 2002; Masson
et al., 2006; Kam and Nicoll, 2007; Tani
et al., 2010; Billups et al., 2013). Despite
the consensus, there are questions that
remain unanswered. First, Tani et al.716 Neuron 81, February 19, 2014 ª2014 Els(2014) performed the majority of experi-
ments in slices with transected axons to
exclude somatic sources of glutamate
that could confound the contribution of
the glutamate-glutamine cycle. Nontran-
sected slices unexpectedly displayed
the same glutamine-dependent depres-
sion by iHFS, confirming that the compo-
nents of the glutamate-glutamine cycle
are perisynaptic. Yet the knownmolecular
components (SNAT1 and SNAT2) of sys-
tem A transporters, which take up 90%
glutamine into neurons in vivo (Kanamori
and Ross, 2006), are rarely expressed at
presynaptic terminals (Conti and Melone,
2006). Indeed, Tani et al., (2010) found
little evidence for the involvement of sys-
tem A transporters in maintaining gluta-
mine-dependent epileptiform activity and
instead postulated that as-yet-unidenti-
fied transporters were necessary for the
synthesis of glutamate destined for syn-
aptic release. In contrast, Billups et al.
(2013) provides evidence for functional
presynaptic glutamine uptake with phar-
macology consistent with system A in
brainstem. Identifying the molecular com-
ponents of the glutamate-glutamine cycle
that sustain synaptic glutamate release in
hippocampus and cortex will be crucial to
fully understand role of the glutamine-
glutamate cycle in synaptic transmission.evier Inc.Second, it is not clear
how neurotransmitter deple-
tion generates a loss of syn-
aptic efficacy. Tani et al.
(2014) show that depres-
sion following iHFS in-
creases sensitivity of fEPSPs
to blockade by a low-affinity
antagonist, suggesting that
the average concentration of
glutamate per synapse is
reduced. This could occur by
either a reduction in the con-
centration of transmitter per
vesicle (quantal content) or
by a reduction in multivesi-
cular release that is known to
occur at CA3-CA1 synapses.
In addition, Tani et al. (2014)
report changes in the paired-
pulse ratio suggestive of
altered release probability.
The mechanisms underlying
how manipulations of neuro-
transmitter content alter syn-
aptic vesicular release aredisputed and may be best addressed by
examining transmission at single-release
sites.
Finally, Tani et al. (2014) clearly delin-
eate the presence of a glutamate reservoir
by establishing that extracellular gluta-
mine is required only after 1,000 stimuli.
This reservoir enables basal transmission
to be unaffected by inhibition of the gluta-
mate-glutamine cycle components for
long periods as with low-frequency stimu-
lation (Masson et al., 2006; Kam and
Nicoll, 2007). Identifying the source of
glutamate that sustains transmission,
whether it is glutamate or glutamine
derived from other sources, or whether
1,000 stimuli is simply needed to release
all of the filled vesicles at low-release
probability sites, will be a question for
future studies. Regardless of the remain-
ing unknowns, Tani et al. (2014) provide
definitive evidence for the necessity
of the glutamate-glutamine cycle in excit-
atory transmission and thus the impor-
tance of conventional housekeeping
functions charged to glia.ACKNOWLEDGMENTS
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Retrograde signaling is a powerful tool to shape synaptic transmission, typically inducing inhibition of trans-
mitter release. A new study published in this issue of Neuron by Carta et al. (2014) now provides strong
support for arachidonic acid as a potentiating retrograde messenger.The recent two decades have seen a
surge in research into mechanisms of
retrograde synaptic signaling. In the
wake of this development, a number of
criteria have been proposed that need
to be fulfilled for a molecule to be identi-
fied as a retrograde messenger (Regehr
et al., 2009). First, both the postsynaptic
production machinery and the presynap-
tic target of the messenger have to be
present. Second, interference or blocking
of either the postsynaptic production or
the presynaptic target should lead to
inhibition of the effect. And third, direct
activation of the presynaptic target
should mimic the effect of the retrograde
messenger. All of these criteria have suffi-
ciently and beautifully been met in the
paper ‘‘Membrane Lipids Tune Synaptic
Transmission byDirectModulation of Pre-
synaptic Potassium Channels’’ by Carta
et al. (2014) in this issue of Neuron.
Carta et al. (2014) base their study on
the finding that prolonged depolarizationof postsynaptic CA3 pyramidal cells
(either through direct depolarization steps
or several types of more physiological
synaptic input stimuli) leads to a transient
potentiation of incoming mossy fiber
(MF)-mediated excitatory postsynaptic
currents (EPSCs) for about 10 min.
Using electrophysiological, pharmaco-
logical, and uncaging tools, Carta et al.
(2014) elegantly show that this depolariza-
tion-induced potentiation of excitation
(DPE) is postsynaptically induced and
dependent on a postsynaptic rise in
Ca2+, while it is clearly presynaptically
expressed. Hence, there is a definite
requirement for a retrograde signal
to establish the presynaptic potentia-
tion of MF synaptic currents. At great
experimental lengths, Carta et al.
(2014) investigate the nature of this
retrograde messenger, meticulously ex-
cluding (1) conventional neurotransmit-
ters and -modulators, (2) any messenger
that is based on a Ca2+-dependent vesic-ular release fromCA3 pyramidal cells, and
(3) also the ‘‘usual suspects’’ nitric oxide
and endocannabinoids. They then suc-
cessfully identify the membrane-derived
lipid arachidonic acid (AA)—or one of its
downstream metabolites—as the agent
of the presynaptic potentiation of trans-
mission: interference with the release
or lipoxygenase-mediated metabolism of
AA effectively inhibits DPE, while local
photoactivation of caged AA results in
potentiation of mossy fiber EPSCs com-
parable to DPE. Employing technically
most challenging presynaptic patch-
clamp recordings of mossy fiber boutons
(Bischofberger et al., 2006), Carta et al.
(2014) also elucidate the mechanism of
DPE: they find that postsynaptically
released arachidonic acid directly acts
on presynaptic voltage-gated potassium
channels by shifting the voltage depen-
dence of the steady-state inactivation
of Kv currents towards more negative
values. As a result, the presynaptic actionFebruary 19, 2014 ª2014 Elsevier Inc. 717
